Engineering works have affected the morphology of rivers (e.g., by cut-offs, artificial levees, revetments, and reservoir and dam constructions). These human impacts also have hydrological impacts, as they alter the natural channel geometry, affect the carrying capacity of the channel and confine the floodplains. The goals of the present paper are to analyse flow changes for the Tisza River (in Hungary) with its highly regulated channel using a long (141 y) daily hydrologic dataset and to evaluate the engineering works from the point of hydrological and morphological equilibrium. Since the late 19th century, the flood level along the Lower Tisza River has increased by 216 cm; further, since 1998, flood levels increased by over 80 cm without an increase in discharge. In addition, river stages for low flows have decreased, and the water slope has decreased. These changes are likely connected to morphological changes in the channel (e.g., incision, narrowing, disappearance of point bars, intensifying mass movements), which have been driven by the complex response to human impacts. While the channel could adjust itself to convey larger floods after the cut-offs, the revetments impede the channel adjustment and contribute to the hydrological and morphological disequilibrium state along the Tisza River.
Bormann et al. ) because even minor reduction of the cross-sectional area can increase flood levels on a centennial scale (Remo et al. ) . Revetments also affect the low stages, as they support incision and channel narrowing, resulting in a decrease in stages, and over the long term, these processes have progressive trends (Pinter & Heine ) .
Although various engineering works affect a given river, their subsequent or combined effects are not often evaluated. The previous work on the impacts of river engineering on flood hazard mainly focused on the morphological and hydraulic consequences of engineering works, whereas only few studies deal with long-term hydrological data. However, the most efficient method of future river management can be chosen only if the active processes and the consequences of engineering works are known in detail.
Due to Hungary's long tradition of river engineering, there are also long-term (150-200 year) datasets from which it is possible to evaluate changes in flood conveyance and channel morpho-dynamics. On the other hand, the continental climate and the architecture of the river system amplify the fluvial response to human impacts. The most substantial unforeseen consequence of river engineering has been related to increases in the magnitude and frequency of floods and reduction of water levels during low flows related to channel incision. Channel incision can adversely impact direct societal needs making water extraction more difficult or costly and, in some cases, disrupting navigation by creating a channel too narrow for navigation during low flow conditions. In addition, channel incision has been linked to reductions in hydrologic connectivity between the river and its floodplain which adversely impacts riverine ecosystems. Hungary plans to start a programme on surface and subsurface waters (Kvassay Plan) to support their sustainable usage. Within the programme, the improvement of flood conveyance by channels and floodplains is highlighted, but without detailed descriptions. Thus, an analysis of the historical hydrological and geospatial data is needed to better understand the fluvial responses to previous interventions, as without detailed research, the best practice and sustainable solutions could not be chosen.
The present paper contributes to this analysis, as we aimed to study the hydrological and hydraulic changes (e.g., water stages, discharge, water slope) of the Lower Tisza River in Hungary. The goal of this research is to explore the relationship between these parameters and river engineering structures, which have altered the hydrology and hydraulics of the lower Tisza River over the past ∼150 years.
STUDY AREA AND DATA
The Tisza River (Figure 1) 
River regulation along the studied reach
Prior to the 19th-century engineering works, the Tisza had a wide (10-150 km) floodplain with gentle relief (<5 m).
The channel was shallow (4-5 m) and had low slope (2-5 cm/km) and high sinuosity (Lászlóffy ) . During the long-lasting floods (5-6 months), large areas were inundated; thus, most of the Great Hungarian Plain was occupied by wet meadows and marshlands. The systematic 19th-century engineering works strove to provide protection of intensively cultivated agricultural lands on the 26,000 km 2 of floodplain using artificial (embanked) levees, to decrease the length of the channel in order to decrease flood-wave travel times shortening the duration of floods, and to improve navigation (Ihrig ) . During the flood protection works, a 2,940 km-long artificial levee system was built along the Tisza River (Lászlóffy ).
These levees resulted in dramatic contraction of the floodplain area subjected to inundation, as the originally several tens kmwide floodplain was reduced to 0.2-5 km. The width of the active floodplain is not regular; thus, the extremely narrow areas impound the floods and increase their heights (Lászlóffy ) . The artificial levees were completed by the early 1880s.
However, due to ever-increasing flood levels, they were heightened several times during the 20th century. Stage exceedance probabilities were set up on a halfdecade scale to describe stage frequencies. First, the stage values were sorted in decreasing numerical order. The total length of five years was considered as 100%, and the stage data were sampled at given (1%, 10%, 20%, etc.) frequencies.
RESULTS
Temporal changes in stage, discharge and flood
duration at Szeged
As the longest stage (141 y) and discharge (95 y) datasets are available from Szeged, we focus on this station to present temporal changes in these parameters. Based on the hierarchical divisive multiple change point analysis of the stage data, the years between 1876 and 2017 are divided into six periods (Figures 3-6 ).
The first period (1876-1889) was characterised by relatively high stages but with a decreasing trend. This period is well reflected by the stage exceedance probability (EP) distribution curves: e.g., the height of the EP 50%
curve decreased from 434 cm to 211 cm. The decreases in the EP 30-90% curves were at least 100 cm, although the 50-75%) in water slope in the late 1990s, as in 1998 and 1999, large floods occurred.
DISCUSSION
The Lower Tisza displayed well-defined hydrological responses to different engineering works (e.g., cut-offs, construction of artificial levees, revetments and dams).
However, it must be emphasised that the channel conditions in the late decades of the 19th century should not be con- Later, revetments were built, and as long as they exist, they continuously disturb the fluvial system, resulting in decreased flood conveyance of the channel and increased flood levels. As both cut-offs and revetment constructions increase bed scour, the level of !50% exceedance probability stages have decreased. Thus, the Tisza is currently in a non-equilibrium state, but the hydraulic and hydrologic changes and the morphological channel alterations reflect a transition towards a new equilibrium state. As non-equilibrium systems often give complex (hydraulic) responses to any disturbing factors (e.g., engineering works, climate change), modelling and risk analysis will be very difficult (Seidou et al. ) .
Based on our study, the increasing extremes in stages and decreasing water slope, together with the morphological alteration of the channel (incision, disappearance of point bars, increasing mass movements), could be related to the engineering works of the previous decades; therefore, in the future, greater attention must be paid to the indirect consequences of various river regulation measures, and engineers should revise their existing practices for flood protection and channel and floodplain management. For example, instead of building new revetments, the channel should be artificially widened, and the flood conveyance of the floodplains should be improved.
